We report a restriction-site study of the mitochondrial DNA (mtDNA) of seven species of the Drosophila obscura group. One species (D. azteca) belongs to the afinis subgroup; the other six species are classified in the obscura subgroup, three of them being from the old-world species (D. obscura, D. ambigua, and D. subobscura) and three from the new-world species (D. pseudoobscura, D. persimilis, and D. miranda). The mtDNA patterns suggest that the phylogeny of the group needs to be revised. The Nearctic obscura species appear as more closely related to D. azteca (afinis subgroup) than to the Palearctic species. The three Palearctic species are, in turn, a very heterogeneous group, with D. obscura no more closely related to D. subobscura and D. ambigua than to D. a&is or the Nearctic obscura species. The rates of mtDNA evolution are variable: some lineages have evolved at rates two or three times greater than others. If an average rate of 0.5% nucleotide substitutions/Myr is assumed, the divergence among the four main lineages in the phylogeny would have occurred 12-l 5 Myr ago, during the Miocene, which is consistent with biogeographic information.
Introduction
Animal mitochondrial DNA (mtDNA) is widely employed in evolutionary studies of higher eukaryotes because it is a small molecule, maternally transmitted, easily purified, and consists mostly of coding sequences (Avise and Lansman 1983; Brown 1983 Brown , 1985 . No variation is known in its gene content, and its gene order differs only among major taxonomic groups (Brown 1985) . The possibility of sperm-mediated transfer of mtDNA across female lineages, effective recombination among genetically distinct mtDNAs, individual heteroplasmy in somatic or germ cells, and other occasional events must be taken into account. Nonetheless, mtDNA in higher animals lacks many of the genetic complexities that complicate the interpretation of nuclear DNA data. As Avise (1986) has stated, mtDNA is not "just another" genetic system for evolutionary study. From a population-biology perspective, it is a richly instructive molecule that offers information unobtainable from nuclear genes.
In the present study we present a phylogeny of Drosophila species of the obscura group, a phylogeny inferred from the study of the mtDNA of seven species and 39 different single-female lines. Data previously published concerning D. subobscura (La- torre et al. 1986 ) are included in the present study to relate between-and withinspecies genetic variability. The mtDNA data justify a revision of the commonly accepted 718 I&on-e et al. taxonomy and phylogeny of the group. Indeed, the new-world species of the group (D. pseudoobscura, D. persimilis, and D. miranda) are more similar to D. azteca, a member of the D. afinis subgroup, than to the old-world obscura species, which are themselves a very heterogeneous group.
Material and Methods

Drosophila Stocks
Each strain is derived from a single gravid female. Seven species are represented. Six species are classified in the obscura subgroup; three are Palearctic (D. ambigua, D. obscura, and D. subobscura), and three are Nearctic (D. miranda, D. persimilis, and D. pseudoobscura). The seventh species is D. azteca, a Nearctic member of the afinis subgroup.
The geographic origins of the 32 strains of D. subobscura are given by Latorre et al. (1986) 
Extraction and Digestion of mtDNA
The enriched fraction of mtDNA, obtained by the method described by Latorre et al. (1986) , was sufficient for digestion with several restriction enzymes. We used 10 restriction enzymes. Six of them (EcoRI, HindIII, HpaI, XbaI, PstI, and BamHI) recognize sequences of 6 bp; the other four (HaeIII, HhaI, HpaII, and Thai) recognize sequences of 4 bp. The enzymes were obtained from Amersham and Boehringer Mannheim.
Electrophoresis
The fragments obtained by digestion were separated on slab horizontal 0.6%-1.2% agarose gels or minigels ( Sigma), with Tris [ hydroxymethyl ] amino methane/ acetate/ethylenediaminetetraacetic acid as the running buffer. The fragments obtained by digestion of lambda DNA with Hind111 are used as standards to determine fragment size. After electrophoresis, gels were stained with 0.1 g ethidium bromide/ml (Boehringer Mannheim) and visualized with a UV light transiluminator (U.V.P., Inc.).
Results
The length of the mtDNA is -16.5 kb, the same in all species. Any segments ~0.5 kb that may have been present in our gels were ignored. Among the 39 strains, no length polymorphisms were detected by our rapid extraction method.
The 10 endonucleases used yielded a total of 63 mtDNA restriction sites in the 39 strains; nine sites are identical in all strains, the other 54 (86%) are polymorphic. One enzyme (BarnHI) yields only one restriction site; three (PstI, HhaI, and Thai) yield two sites each. The other six enzymes (EcoRI, HindIII, HpaI, XbaI, HaeIII, and HpaII) yield 4-14 restriction sites each. Figure 1 Letters are used to identify the sites that are polymorphic; monomorphic sites are labeled with asterisks. The endonuclease BumHI, which only yields one (polymorphic) restriction site, is not represented in the figure. sites obtained with the nine enzymes that yield two or more sites. The polymorphic sites are labeled with letters.
The patterns obtained with the 10 endonucleases can be combined into composite mtDNA patterns ("morphs" or haplotypes). Fifteen morphs emerge, eight for Drosophila subobscura, two for D. pseudoobscura, and one for each of the other species. Table 1 lists the 15 morphs and shows their patterns as determined by the presence or absence of each of the 54 polymorphic restriction sites.
Each restriction site may be treated as a discrete "character" or trait that is present or absent in any given strain. A "phylogeny" can, then, be obtained by constructing a most-parsimonious tree that minimizes the number of transitional steps required to connect all the strains. We have followed Wagner's parsimony method by using the MIX computer program included in the PHYLIP package (Felsenstein 1985) . Figure 2 depicts the tree containing the fewest number of "mutational steps" (i.e., 74) among those obtained in several computer runs of the data set. The tree shown in figure 2 is rootless; that is, it does not tell us the point at which the tree connects with the most recent lineage ancestral to all the species. Figure 2 shows all the strains of D. subobscura as a compact cluster, something one would expect for members of the same species; the relationships among the strains are identical to those obtained by Latorre et al. (1986) . The three new-world species (D. pseudoobscura, D. persimilis, and D. miranda) appear in the tree as fairly closely related, with pseudoobscura and persimilis more closely related to each other than they are to D. miranda. These relationships are consistent with genetic and other knowledge about these three Nearctic species. Other features of the tree are not, however, consistent with the accepted taxonomy of the species involved. Most notably, D. azteca is usually classified in a subgroup different from that including the other obscura species; indeed, we included D. azteca in our study for the purpose of using it as an "outgroup" or reference species. Yet, the network shows D. azteca as more similar to the three Nearctic obscura species than these are to the Palearctic species. The mean number of substitutional steps between D. azteca and the Nearctic triad is 16.8 + 1.6, whereas between the Nearctic and Palearctic triads it is 25.5 + 1.9 (table 2). The three Palearctic species appear as a very heterogeneous grouping, with D. ambigua and D. subobscura somewhat more closely related to each other than they are to D. obscura.
The genetic "distance," or degree of similarity, between the mtDNA of any two strains may be estimated by the proportion (S) of the restriction sites they share in common. If it is assumed that whether a restriction site is present or not depends on one nucleotide substitution (and is not due to an insertion or deletion), the frequency (d) of nucleotide differences per nucleotide site can also be estimated. Table 3 
Discussion
The Drosophila obscura group consists of 3 1 known species distributed throughout the North Temperate zone (Lakovaara and Saura 1982) . The species are classified into two separate subgroups, afinis and obscura, following Sturtevant ( 1942) , who identified morphological traits that discriminate between the two subgroups. The obscura subgroup species are in turn subdivided into a Palearctic group (which includes D. obscura, D. subobscura, and D. ambigua) and a Nearctic group (which includes D. pseudoobscura, D. persimilis, and D. miranda) . The D. afinis subgroup is endemic in the new world, where it consists of two relatively distinct clusters, with some species living in eastern North America, others in the west (including D. azteca), and one (D. athabasca) in both the east and west. Drosophila helvetica is a European species usually classified within the afinis subgroup, although it is fairly distinct from the American species.
Evidence has gradually accumulated in recent years to suggest that the obscuraafinis dichotomy does not adequately correspond to the phylogenetic history of the group. In particular, electrophoretic studies of allozymes indicate that the Palearctic and Nearctic obscura species are as distinct from each other as they are from the afinis species (e.g., see Lakovaara et al. 1976; Lakovaara and Keranen 1980; Lakovaara and Saura 1982; Pinsker and Buruga 1982; Felger and Pinsker 1987 ; see also Cabrera et al. 1983; Loukas et al. 1984) . The mtDNA data lead to the same conclusion, namely, that the new-world species D. pseudoobscura, D. persimilis, and D. miranda are phylogenetically as distinct from the Palearctic obscura species as from the afinis species.
The mtDNA data suggest, moreover, that the three Palearctic species are very heterogeneous: D. obscura is phylogenetically as distant from the pair subobscura-ambigua as any of them are from D. azteca or from the Nearctic obscura species. The phylogenetic reconstructions obtained from electrophoretic data show D. ambigua and D. obscura as sister species more related to each other than they are to D. subobscura (see references in previous paragraph). The analysis of chromosomal rearrangements suggests a similar topology, but with a still closer relationship between D. ambigua and D. obscura (Felger and Pinsker 1987 ; see in particular their fig. 7 ). The mtDNA phylogenetic tree ( fig. 2) shows, rather, that D. ambigua and D. subobscura share eight restriction-site substitutions with each other but not with D. obscura (they are the same eight substitutions that separate them from the new-world obscura; six of them are as well the substitutions that separate the ambigua-subobscura pair from the D. azteca lineage).
The different phylogenetic topologies obtained with the mtDNA and with the allozyme data might be attributed to different phylogenetic histories of the nuclear and the mitochondrial DNAs. It seems likely, however, that the discrepancies are, at least in part, a statistical artifact created by the clustering methods used for analyzing the allozyme data, which typically imply constant evolutionary rates as well as other uncertain assumptions. The tree reconstructed by the Wagner method ( fig. 2) does not depend on such assumptions but identifies the substitutions required to connect the mtDNAs with each other.
It is often assumed that mtDNA evolves at a constant rate. Estimates of the rate of mtDNA evolution are, nevertheless, heterogeneous even within a group of organisms; for example, the estimated rate of nucleotide substitution for mammals is 0.25%-2,5%/site/Myr (Brown et al. 1982; Nei 1982 Nei , 1985 Hasegawa et al. 1985) . Moreover, there is now convincing evidence that the rates of evolution of mtDNA and nuclear DNA are quite different in some groups of organisms, such as birds and primates, whereas they are fairly similar in other groups, such as Drosophila and sea urchins (Powell et al. 1986; Vawter and Brown 1986 ; see also Moritz et al. 1987 )-which implies that the rate of evolution of either the mtDNA or the nuclear DNA (or both) is not constant among groups of organisms. Our data reflect variable rates of mtDNA evolution among the Drosophila lineages. If we assume that the phylogenetic root of the species is as indicated by the solid arrow in figure 2, the number of substitutions accumulated is six in the persimilis lineage-but 19.1 (or three times as many), on average, in the subobscura lineage (range 17-2 1) and 18 in the ambigua lineage. The average number of substitutions per lineage is 12.2 for all species lineages. The x2 measuring the discrepancy between that average and the observed number of substitutions in each species lineage is 13.5 (6 df, P < 0.05).
The heterogeneity in rates of evolution is somewhat reduced if we place the root of the tree at the point indicated by the broken arrow in figure 2. The number of accumulated substitutions along the slowest-evolving lineage is, in that case, nine (in the azteca lineage), but the number of substitutions in the obscura lineage becomes 20, more than twice as many. The average number of mutations per species lineage becomes 13.4; and the x2 is 13.1 (5 df, P < 0.005).
We have considered a "parsimony" evolutionary tree that differs from the one in figure 2 by having D. azteca diverging from the other species at the same point at which the Nearctic species diverge from the Palearctic ones. Such a tree would ap proximate the traditional phylogeny with respect to the divergence between the afinis and the obscura subgroups. The minimum number of substitutions required is 77, three more than in figure 2. The rates of evolution become, however, more heterogeneous: the number of substitutions is only six along the azteca lineage but 22.5, on the average, along the subobscura lineage; the x2 for the discrepancy between the observed number of substitutions and the expected number (on the assumption of equal rates along the lineages) increases to 22.8 (P < 0.001). Any tree that would further approximate the traditional phylogeny by placing D. ambigua closer to D. obscura than to D. subobscura requires at least eight additional substitutions and increases still more the heterogeneity in rates of evolution.
If we take 1% as the average rate of nucleotide substitutions/ site/ Myr (as it has become common practice; see, e.g., Cann et al. 1987) ) the number of millions of years since the divergence of two lineages is one-half the value of d (table 2, last column,  and table 3 , lower triangle) in percent. The split of the four main lineages [ azteca, ambigua-subobscura, obscura, and pseudoobscura-persimilis-miranda ( fig. 2 , solid arrow)] would have occurred toward the end of the Miocene, -6 Myr ago (Mya). This is not consistent with the biogeographical evidence, which suggests that the colonization of North America by obscura lineages occurred prior to mid-Miocene times--15 Mya (Throckmorton 1975) . A rate of 0.5% nucleotide substitutions/site/Myr (see Moritz et al. 1987, p. 285 ) is more consistent with biographical evidence. The four main lineages, in that case, would have split 12-15 h;lya, whereas the divergence between D. miranda and the sibling pair D. persimilis-D. pseudoobscura would have occurred during the Pliocene, -4 Mya (d = 0.039). The mtDNA data are also consistent with Throckmorton's suggestion that the split between the afinis subgroup and the Nearctic obscura species occurred " [e] ither before arrival in the New World or shortly thereafter" ( p. 438 ) .
